Abstract Desulfovibrio gigas ferredoxin II (DgFdII) is a small protein with a polypeptide chain composed of 58 amino acids, containing one Fe 3 S 4 cluster per monomer. Upon studying the redox cycle of this protein, we detected a stable intermediate (FdII int ) with four 1 H resonances at 24.1, 20.5, 20.8 and 13.7 ppm. The differences between FdII ox and FdII int were attributed to conformational changes resulting from the breaking/formation of an internal disulfide bridge. The same 1 H NMR methodology used to fully assign the three cysteinyl ligands of the [3Fe-4S] core in the oxidized state (DgFdII ox ) was used here for the assignment of the same three ligands in the intermediate state (DgFdII int ). The spin-coupling model used for the oxidized form of DgFdII where magnetic exchange coupling constants of around 300 cm À1 and hyperfine coupling constants equal to 1 MHz for all the three iron centres were found, does not explain the isotropic shift temperature dependence for the three cysteinyl cluster ligands in DgFdII int . This study, together with the spin delocalization mechanism proposed here for DgFdII int , allows the detection of structural modifications at the [3Fe-4S] cluster in DgFdII ox and DgFdII int .
Introduction
Ferredoxins (Fds) are simple electron transfer proteins with iron and sulfide at the active site, with cysteinyl sulfur atoms as cluster terminal ligands (other atoms, such as O or N, may be involved) [1] . Since the discovery of these proteins 40 years ago, many other proteins containing [Fe-S] clusters of distinct types have been discovered [2] [3] [4] . The existence of different types of [Fe-S] proteins and clusters points to a remarkable functional and structural diversity, reflecting the chemical versatility of both iron and sulfur [3, 4] . The known functions of biological [Fe-S] clusters include electron transfer in Fds and redox enzymes [1, [5] [6] [7] , coupled electron/proton transfer [8] , substrate binding and activation [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , Fe or cluster storage [20] , structural control [21] [22] [23] , regulation of gene expression [24] [25] [26] [27] [28] [29] [30] [31] and enzyme activity [32] [33] [34] , disulfide reduction [35] [36] [37] and sulfur donation [38] [39] [40] .
Four distinct types of Fds are found in sulfatereducing bacteria (SRB), where they play a relevant metabolic role: 3Fe [41] .
Desulfovibrio gigas (Dg) FdII is a small protein, of 58 amino acids with 1 [3Fe-4S] cluster per monomer [42, 43] investigations. In the native state the protein is a tetramer. The three-dimensional structure has already been established by X-ray [44] and also by NMR [45] . Cys8, Cys14 and Cys50 bind the cluster; Cys11 is available to bind the fourth ligand in FdI that contains a [4Fe-4S] cluster. The two remaining cysteines, Cys18 and Cys42, form a disulfide bridge in the native state [44, 46] . DgFdII can be converted to FdI following incubation with excess Fe 2+ in the presence of dithiothreitol [47] , showing that the polypeptide chain of DgFd can accommodate both [3Fe-4S] and [4Fe-4S] clusters. This cluster interconversion leads to the incorporation of other transition metals into the [3Fe-4S] cluster, with the [Co, 3Fe-4S] heterometal centre in DgFdII being the first reported [48] , and similar results were subsequently found for D. africanus FdIII [49] and Pyrococcus furiosus Fd [50] . Other [Zn, 3Fe-4S] and [Ni, 3Fe-4S] centres were also produced from this protein [51, 52] . This interconversion mechanism and the cluster geometries appear to have physiological significance between the oxidized and reduced states. Recently, the crystallization of DgFdII under an anaerobic environment gave crystals which diffracted at a resolution of 1.37 Å [53] .
The [3Fe-4S] cluster can be stabilized in two oxidation states: [3Fe-4S] + and [3Fe-4S] 0 . In the oxidized state, the three high-spin ferric atoms (S=5/2) are antiferromagnetically coupled, forming a ground electronic state with a global spin of 1/2 [54] . One-electron reduction gives an S=2 state, resulting from the antiferromagnetic coupling between a delocalized iron pair (S=9/2), that share the incoming electron, and a highspin iron(III) site (S=5/2), as indicated by Mo¨ssbauer investigations [47, 55, 56] . Electrochemical studies of the 7Fe Fds from D. africanus FdIII [49, 57] , Azotobacter vinelandii FdI [58] and Sulfolobulus acidocaldarius [59] suggest that further reduction of the cluster leads to a formal [3Fe-4S] 2À oxidation state. Similar observations of the detection of an all-ferrous state were also reported for DgFdII [52] and the 3Fe interconverted form of P. furiosus Fd [60] .
The specific assignment of the b-CH 2 protons of the cysteinyl cluster ligands was made, for FdII ox , by 1 H NMR [61, 62] . These protons are affected by the cluster paramagnetism and their chemical shift temperature dependence was used to study the electronic properties of the cluster. On the basis of the coupling model for the cluster iron atoms [63, 64] , the NMR data allowed the determination of the iron coupling constants [62] . The temperature dependence of these b-CH 2 protons showed one pair could be assigned to Cys50 with Curie dependence and the other two pairs belonged to Cys8 and Cys14 with anti-Curie behaviour [61, 62] . This can be explained assuming different exchange coupling interactions between the three iron atoms that coordinate the cysteines, with J 13 =J 23 =J and J 12 =J+DJ (DJ>0). Values of J%300 cm À1 and DJ/J%0.02 were found to fit the experimental data [62] . The reported J values that better reproduce the experimental NMR data for both the [3Fe-4S] clusters of the Fe 7 S 8 Fds from Bacillus schlegelii [65] and Rhodopseudomonas palustris [66] were also determined and were found to be around 300 cm
À1
. The J values determined were, respectively, J 12 =320, J 23 =280 and J 13 =290 cm À1 for B. schlegelii and J 12 =285, J 13 =300 and J 23 =320 cm À1 for R. palustris. Comparing these values with those for DgFdII we can observe that the magnetic interaction within the [3Fe-4S] cluster is less symmetric in Fe 7 S 8 Fds, agreeing with the fact that in those last two cases, one cysteinyl b-CH 2 proton displays an upfield-shifted signal that is not present in the single-cluster FdII protein from Dg [62] .
NMR also proved to be a very sensitive tool to detect structural alterations, allowing the detection of a stable intermediate state (FdII int ) in the potential range around À130 mV, where the cluster is reduced from the +1 to the 0 state [46] . FdII int was characterized by Mo¨ssbauer and electron paramagnetic resonance techniques, showing that the [3Fe-4S] cluster remains in the oxidized state [47] . The differences in the NMR and Mo¨ssbauer spectra between FdII ox and FdII int were due to conformational changes resulting from the breaking/formation of the disulfide bridge. The same intermediate state was found later in the P. furiosus 4Fe Fd [67] . This may turn out to be a key observation for the mechanism of complex proteins containing iron-sulfur clusters.
We will present a characterization of that intermediate state (FdII int ) in terms of the electronic properties of the cluster and structural rearrangements of the cluster vicinity, using NMR spectroscopy.
Materials and methods

Protein purification
DgFdII was purified as previously described [42] with a slight modification: the last purification step was performed in a gel filtration prepacked Pharmacia column (Superdex 75 HR 10/30) by high-performance liquid chromatography, and elution was made with 50 mM phosphate buffer at pH 7.6 with NaCl 150 mM. The purified protein solutions were simultaneously concentrated, equilibrated with 100 mM phosphate buffer at pH 8.0 and exchanged with 99.9% D 2 O using AMICON centricons with a 5-kDa cutoff.
Sample preparation
The intermediate state, FdII int , was generated by adding proper amounts of sodium dithionite to the native protein under anaerobic conditions. EDTA was present to prevent [4Fe-4S] cluster formation.
NMR experiments
High-resolution NMR spectra were recorded either with 400-MHz ARX or 600-MHz AMX Fourier transform Bruker spectrometers equipped with a temperaturecontrol unit. Chemical shift values are quoted in parts per million relative to 3-trimethylsilyl-(2,2,3,3-2 H 4 ) propionate. Positive values refer to low-field shifts. T 1 measurements were made using the inversion-recovery method [68] . The proton nuclear Overhauser effect (NOE) experiments were performed either at 400 MHz or at 600 MHz using the super-WEFT pulse sequence (180-s-90-AQ) [69] with s values and recycle times, 100-200 ms, providing water suppression. Selective saturation of the resonances was made during the delay time s. Difference spectra were obtained by subtracting the offresonance spectra from the on-resonance spectra, as described in Ref. [70] . Two-dimensional experiments were carried out at 400 MHz. Phase-sensitive nuclear Overhauser enhancement spectroscopy (NOESY) [71, 72] spectra were recorded with mixing times around 5 ms, with 1,024 t 2 points and 256 t 1 increments and 3,000-4,000 scans per increment. Repetition times were 75-100 ms. In the processing, before Fourier transformation the data were multiplied by an unshifted sine-bell window function in the f 2 dimension and an unshifted sine-bell window function in the f 1 dimension.
Results
The intermediate state obtained by dithionite reduction of the native DgFdII is stable for several days, allowing NMR techniques to be easily applied. This state is characterized by a [3Fe-4S] + centre and a broken S-S bridge between Cys18 and Cys42. Both FdII ox and FdII int states have a paramagnetic cluster with S=1/2, affecting the properties of the resonances for the protons of the ligands bound to the iron atom and those protons within about 8 Å of the cluster [46] . Table 1 . Resonance a shows a correlation with a resonance at 4.1 ppm in the 1 H NOESY spectrum, with a 10 ms mixing time at 303 K (not shown), that can be assigned to the a-CH proton of Cys50, based on the cross-peak intensity. All the protons of the cysteinyl cluster ligands for FdII ox have therefore now been sequence-specifically assigned.
The resonances in the low-field region, between 25 and 12 ppm labelled A-D, belong to the protons of the cysteinyl cluster ligands of the intermediate state. The temperature behaviour and assignment of these resonances was carried out using 1 H NOESY experiments, performed with different mixing times (2-10 ms) and at different temperatures (290-310 K).
The connectivities detected in the 8-ms NOESY spectrum of a mixture of FdII ox (40%)/FdII int (60%) are shown in Fig. 2 Table 1 ) for the resonance at 9.8 ppm, we can assign both 1.4-and 9.8-ppm resonances to a-CH protons.
In order to attempt the sequence-specific assignment of the hyperfine shifted resonances, one-dimensional NOE difference experiments were carried out for FdII int . The experiment (not shown) allowed the specific assignment of peak D and the peak at 7.8 ppm to the b-CH 2 protons of Cys14. Saturation of peak D showed a NOE effect with the proton resonances of the aromatic ring of Phe22, which have been previously assigned [61] . Using the X-ray coordinates [44] , Phe22, the only aromatic residue present in the protein, is close enough (3-4.7 Å for one b-CH 2 and 5-5.5 Å for the other) to display a NOE effect with b-CH 2 protons of Cys14. The one-dimensional NOE experiments when the other hyperfine shifted peaks were irradiated did not show any extra NOEs apart from those for their b-CH 2 or a-CH partner.
The 
In order to probe the structural changes at the cluster for FdII int a plot of the contact chemical shifts of the cysteinyl b-CH 2 protons versus the corresponding Fe-S-Cb-Ca dihedral angles (h) for 3Fe Fds was made (Fig. 4) . The experimental chemical shifts available for the b-CH 2 protons of DgFdII, Thermococus litoralis 3Fe Fd [73, 74] and A. vinelandii 7Fe Fd [75] were used (after subtracting 2.8 ppm, the intrinsic diamagnetic chemical shift for a b-CH 2 proton, and assuming that the contact term is dominant) [76] together with the h values from the X-ray crystal structures of Dg [44] and A. vinelandii [77, 78] Fds. T. litoralis 3Fe Fd was used in this fitting considering the similarity between the NMR data from this protein and those from DgFdII. Owing to the absence of X-ray data for this protein, we used the h values available We can obtain the dihedral angles for DgFdII int , by solving the Karplus equation with the values obtained for a, b and c, for each pair of protons of the three cysteines Cys8, Cys14 and Cys50, using the chemical shifts obtained experimentally for each of them. These values are presented in Table 2 , and are compared with the h values obtained from the DgFdII crystal structure [44] .
NOESY spectra, with 150-ms mixing times, were obtained for samples of FdII ox , FdII int and fully reduced FdII, in order to study structural conformational changes in the protein, due to the opening of the disulfide bridge. Figure 5 shows the Ha/Hb correlation region between Cys18 and Cys42 of the NOESY spectra obtained for the different redox states of the protein. It can be seen that the NOE found for the Ha Cys18/Hb Cys42 cross peak in FdII ox (Fig. 5, panel a) 
Discussion
In order to understand the alterations detected in the hyperfine shifted signals of the 1 H NMR spectrum of FdII int (Fig. 1) , the sequence-specific assignments of the b-CH 2 protons of Cys8, Cys14 and Cys50 were first attempted. This was carried out using two-dimensional NOESY experiments with short mixing times (owing to the fast relaxation times of those protons affected by the cluster paramagnetism) and one-dimensional NOE experiments. The correlations obtained were described in the ''Results'' section, and are given in Table 1 . It can be seen that the chemical shift of each b-CH 2 pair of protons does not change drastically when compared with the corresponding shifts for FdII ox , and that the chemical shifts of the assigned a-CH protons (only detected for Cys8 and Cys14) are maintained. The sequence-specific assignment of Cys8 and Cys50 was carried out based on these observations. It is interesting Table 2 Comparison of the dihedral angle (h) Fe-S-Ca-Cb values for DgFdII ox and DgFdII int . The data were obtained from the Xray structure for the oxidized state [31] , and were extracted from the fitting presented in Fig. 4, for to note that the chemical shift spread of the b-CH 2 proton resonances is less for FdII int (they can be found between 8 and 24 ppm) compared with FdII ox (between 2 and 29 ppm). This suggests that rearrangements in the cluster environment, namely alterations in the dihedral angles Fe-S-Cb-Ca or changes in the iron spin coupling in the cluster, due to the opening of the S-S bridge are taking place. It also suggests that the dihedral angles for the binding cysteines are becoming more equal on going from FdII ox to FdII int (if all the dihedral angles were the same all the b-CH 2 chemical shifts would be equal). The notion that the iron atoms are more equivalent in the intermediate state has already been discussed using results obtained from Mo¨ssbauer spectroscopy [46] . The temperature dependence of the three pairs of b-CH 2 resonances of the intermediate state (Fig. 3 ) displays typical behaviour that is found for all [3Fe-4S] + containing Fds, including DgFdII ox [62] . The asymmetry found for the coupling between the three Fe 3+ (S=5/2) atoms is reflected in the NMR spectrum by the presence of Curie temperature dependence for one of the bound cysteines and anti-Curie dependence for the remaining two. The difference found for FdII int is that it is no longer Cys50 that shows Curie behaviour [62] . Curie behaviour is now displayed by Cys14 and the parameters used in the spin-coupling model, already described for the oxidized form of DgFdII [62] , cannot explain the isotropic shift temperature dependencies of the three cysteinyl cluster ligands in FdII int , as the 3Fe cluster is in the same oxidation state. A value of 300 cm À1 was estimated for the magnetic exchange coupling constants between the iron spins in FdII ox [42] with J 12 =J 13 =J, J 23 =J+DJ and DJ/J=0.02, using A values (coupling constant between the iron electronic spins and the b-CH 2 nuclear spins) of 1 MHz, for the three irons sites, as estimated for a [Fe-S] containing rubredoxin [80] . The set of J values found for the [3Fe-4S] cluster of the 7Fe B. schlegelii [45] and R. palustris With the data obtained when solving the Karplus equation, a positive value is found for parameter a (see ''Materials and methods'' section), indicating that the p mechanism of spin transfer is dominant, which is also the case for [4Fe-4S] systems. The curve in Fig. 4 was used to extract dihedral angle Fe-Sc-Ca-Cb information for FdII int as described in the ''Results '' section, and already applied to [4Fe-4S] containing Fds [76] . As can be seen in Table 2 , the orientation of the b-CH 2 protons with respect to the cluster iron atoms is more or less maintained in FdII int . However, as changes are seen in the chemical shifts, structural changes must be occurring at the cluster. It should be noted that small changes in the dihedral angles could cause large changes in the contact chemical shift. The actual difference seen for Cys14 is 5.5±20°, while the differences for Cys8 and Cys50 are more significant, being 192.7±8°and 180.3±15°, respectively. One possible explanation is that the Sc atoms of Cys8 and Cys50 are both involved in NH-S H-bonds (NH-S: Ala10-Cys8, Ala31-Cys8, Ala52-Cys50 and Ala54-Cys50) in the X-ray structure. The NHs of both Cys8 and Cys50 are also involved in NH-O H-bonds, while the NH of Cys14 is not (it is 2.4 Å from a S atom).
Direct evidence for the loss of the S-S bridge between Cys18 and Cys42 on going from FdII ox to FdII int and finally to FdII red , was obtained by the loss of intensity of the cross peak that correlates Ha Cys18/Hb Cys42 found in a 150-ms NOESY spectrum (previously assigned in FdII ox [45] ).
The cleavage of this S-S bridge is the catalyst that causes the structural changes that result in the modification of the cluster binding cysteine dihedral angles, which manifest themselves as changes in the chemical shifts and temperature dependencies of the b-CH 2 protons. It has recently been shown from the superimposition of the aerobic and anaerobic three-dimensional structures of DgFdII [53] that the disulfide bond (Cys18-Cys42) in the aerobic structure has two conformations, which was also interpreted as an opening up of the covalent disulfide bond. Moreover, the Fe-S cluster geometry in the anaerobic structure is different from that in the aerobic structure, with a maximum increase and decrease of 0.15 and 0.14 Å for the Fe-S bond length ranges, respectively. A similar difference in the Fe-S cluster geometries was previously observed when recombinant DgFdII was characterized spectroscopically [81] : differences in the paramagnetic envelope of the NMR spectra of both the recombinant and the native proteins already pointed to structural changes in the [3Fe-4S] cluster geometries.
Concluding remarks
NMR is a unique technique that can easily distinguish different redox states in Fe-S-containing proteins, giving information about the electronic structure of the cluster and detecting small alterations in the cluster environment as well as in the protein as a whole.
By using one-dimensional NOE experiments, twodimensional NOESY experiments with short mixing times and chemical shift temperature dependencies it was possible to sequence-specifically assign all the b-CH 2 protons of the cysteines that bind the cluster and the a-CH protons of Cys8 and Cys14 in FdII int . The sequence-specific assignment of the binding cysteines was also completed for FdII ox with the assignment of the a-CH proton of Cys50.
The change in behaviour of the temperature dependencies for FdII int compared with FdII ox indicated that the structure, specifically the Fe-Sc-Cb-Ca dihedral angles, near the [3Fe-4S] cluster changes. In order to model the temperature dependencies of the b-CH 2 protons for FdII int new A values need to be introduced.
Experiments to calculate the A values for both oxidized states need to be carried out (electron spin echo envelope modulation spectroscopy can be very useful in this matter, and will be pursued). The results obtained will allow a full understanding of the modifications in FdII int and calculation of the parameters that characterize the coupling between the irons in the cluster. A full structural characterization of the changes occurring in the FdII int state is under way.
It can be concluded that the electronic properties of the [3Fe-4S] cluster are essentially modulated by the 'constraints' imposed by the polypeptide chain of the protein.
It is remarkable that such a small protein, FdII, containing a 3Fe cluster and an internal disulfide bridge can be an electron sink (3e À at the cluster and 2e À at the S-S bond). Such a multiple redox device can play unexpected roles in electron transfer and iron storage, considering also the easy cluster conversion processes (3FeM4Fe) that may take place under physiological conditions [41] .
